ABSTRACT The detection of cryptic species by biochemical methods indicates that within the phlebotomine fauna morphological data are not always adequate for species diagnosis. Cellulose acetate and polyacrylamide enzyme electrophoresis methods were compared for their effectiveness in identifying 13 species of Venezuelan phlebotomine sand ßies and resolving alleles. Eight diagnostic loci unambiguously separated these 13 species of sand ßies. Although acrylamide was as effective as cellulose acetate in species separation, differences were detected in the resolution of some alleles. Cellulose acetate identiÞed more alleles at Ak and Fum, and resolved better at Pgm, whereas acrylamide identiÞed more alleles at Gpi, Mdh, and Me. Therefore, erroneous species diagnoses may occur, if diagnostic loci detected by one technique are used by a second technique without adequate reference standards.
PHLEBOTOMINE SAND FLIES inhabit tropical and subtropical Africa, Europe, Asia, Australia, and the Americas, where they transmit protozoans (e.g., Leishmania) (Young and Duncan 1994) , bacteria (e.g., Bartonella) (Herrer and Christensen 1975) , and viruses (Travassos-Da-Rosa et al. 1984; Tesh et al. 1986 Tesh et al. , 1987 Tesh et al. , 1989 . Until the recognition of the taxonomic value of internal structures such as the cibarium and the female spermathecae, the identiÞcation of sand ßies was extremely difÞcult, because of the lack of useful external morphological characters. Today, nearly 400 species and subspecies of phlebotomine sand ßies from the New World may be diagnosed using morphological characters (Young and Duncan 1994) . However, the discovery of cryptic species within at least two phlebotomine species has indicated the need for an integrated approach that combines morphological and molecular data for species diagnosis.
Isozyme electrophoresis has proven useful in the separation of morphologically similar phlebotomine sand ßies. Cellulose acetate has been used to identify cryptic species within Lutzomyia carrerai (Barretto) and L. yucumensis (Le Pont, Caillard, Tibayrenc, and Desjeux) (Caillard et al. 1986 ), morphologically similar members of the Verrucarum species group from Colombia and Venezuela (Kreutzer et al. 1990) , and two sympatric Phlebotomus species from Egypt (Kassem et al. 1990 ). Starch electrophoresis has separated two sympatric Phlebotomus from Italy (Perrotti et al. 1991 ) and potential sibling species of L. longipalpis from Colombia, Brazil and Costa Rica (Lanzaro et al. 1993) . More recently, cryptic species of L. longipalpis from Venezuela have been identiÞed using acrylamide electrophoresis (Lampo et al. 1999; Arrivillaga et al. 2000a Arrivillaga et al. , 2000b . Morphologically similar females of Brumptomyia devenanzii (Ortiz and Scorza) and B. beaupertuyi (Ortiz) also were separated by this method (Feliciangeli and Lampo 2001) . However, these different methods require direct comparison, because they may produce different results. Our preliminary results also indicated that some alleles separated by one method may not be resolved by the other.
In the current study, acrylamide and cellulose acetate enzyme electrophoresis were used to separate 13 phlebotomine sand ßy species from Venezuela from two genera, Brumptomyia and Lutzomyia, at least six of which are medically important. These species are some of the most frequently encountered in Venezuela and their taxonomic relationships are summarized in Table 1 . Comparisons were made between the two methods in relation to their ability to resolve alleles and to identify loci for the diagnosis of these sand ßy species.
Materials and Methods
Study Sites. Sand ßies were collected from seven locations in Venezuela (Table 2 ) and transported to the laboratory either alive or in liquid nitrogen. Where possible, specimens were dissected in the Þeld. Live adult sand ßies were cold anesthetized for 20 min at Ð20ЊC. The head and distal abdominal tergites were separated and stored in 70% ethanol, whereas the remaining thorax and proximal tergites were stored at Ð70ЊC until allozyme electrophoresis. The head and abdominal tergites were digested at 60ЊC for 10 min in either 10% KOH or Nesbitt solution (40 g chloralhydrate crystals, 10 ml HCl, 40 ml H 2 O), then cleared in 100% phenol. Specimens were mounted in Berlese medium and viewed under the light microscope. Species diagnosis was based mainly on the morphology of female structures (cibarium, pharynx, teeth, and spermathecae) and male terminalia (Young and Duncan 1994) .
Allozyme Electrophoresis. Standard horizontal cellulose acetate electrophoresis (Hebert and Beaton 1989) and vertical acrylamide electrophoresis (Black and Munstermann 1996) were employed. An Aedes aegypti (L.) (Rockefeller strain) standard was included in each electrophoresis. For cellulose acetate electrophoresis, individual sand ßies were homogenized in 20 l of ddH 2 O, whereas the Ae. aegypti standard was homogenized in 40 l of ddH 2 O. All samples were centrifuged at 12,000 rpm for 30 s. Ten microliters of the supernatant was loaded into the sample wells for application onto cellulose acetate plates. For most enzymes, two applications were sufÞcient for each plate, except for Me, which required three applications for adequate staining density. A continuous buffer system of tris-glycine, pH 8.5 maximized electrophoretic separation. Samples were run at 200 V for 20 min before enzyme staining. A total of eight enzyme loci was resolved, including adenylate kinase (Ak, E.C.2.7.4.3), arginine kinase (Ark, E.C.2.7.3.3), fumarate hydratase (Fum, E.C.4.2.1.2), glucose-6-phosphate isomerase (Gpi, E.C.5.3.1.9), hexokinase (Hk, E.C.2.7.1.1), malate dehydrogenase (Mdh, E.C.1.1.1.37), malic enzyme (Me, E.C.1.1.1.40), and phosphoglucomutase (Pgm, E.C.5.4.2.2).
A subsample run on acrylamide electrophoresis tested the accuracy of cellulose acetate electrophoresis in detecting allelic differences among species. Sand ßies were homogenized in 25 l of grinding solution (10% sucrose, 0.1% Triton X-100, 0.02 M Tris-citrate buffer, bromophenol blue) then centrifuged at 12,000 ϫ g for 3 min. The homogenate was distributed evenly among eight gels. Samples were run by increasing the voltage in 50-V increments every 5 min to 300 V, then run at 300 V for 3 h. Two continuous buffer systems were used to maximize allelic separation, triscitrate pH 7.1 and tris-borate-EDTA pH 8.9. Four enzyme loci were resolved in tris-citrate pH 7.1: adenylate kinase (Ak, E.C.2.7.4.3), arginine kinase (Ark, E.C.2.7.3.3), fumarate hydratase (Fum, E.C.4.2.1.2), and phosphoglucomutase (Pgm, E.C.5.4.2.2). Four loci were resolved in tris-borate-EDTA pH 8.9: glucose-6-phosphate isomerase (Gpi, E.C.5.3.1.9), hexokinase (Hk, E.C.2.7.1.1), malate dehydrogenase (Mdh, E.C.1.1.1.37), and malic enzyme (Me, E.C.1.1.1.40).
Analysis. Numerical values for the allelic phenotypes (electromorphs) were based on the relative migration of bands from the gel origin in relation to the Ae. aegypti electromorph that was designated as the "100" electromorph or standard. Following convention, loci were denoted as polymorphic if the most common allele had a frequency Ͻ95% in at least one population. Allele frequencies were calculated and genotypic frequencies for all loci were compared with HardyÐWeinberg equilibrium frequencies (Swofford and Selander 1981) . To explore whether allele frequencies varied signiÞcantly among localities within species, L. cayennensis, L. dubitans, L. townsendi, and L. trinidadensis from two different locations were processed using cellulose acetate electrophoresis.
Results
In total, 545 specimens representing 13 species of phlebotomine sand ßies were processed from seven locations. The presence of Þxed differences in Ak and Hk separated the two cryptic L. longipalpis present in Venezuela (Lampo et al. 1999) . Similarly, Þxed differences in Ak and Me separated morphologically similar females of B. beaupertuyi and B. devenanzii, previously separated morphologically only using male morphology (Feliciangeli and Lampo 2001) . Lutzomyia shannoni (Dyar) and Lutzomyia abonneci (Floch & Chassignet) were sympatric at El Ingenio (Feliciangeli et al. 1994 ), but females could not be distin- July 2001 TORGERSON ET AL.: ALLOZYME SEPARATION OF SAND FLIESguished morphologically as described by Morales et al. (1982) and no males were captured to allow electrophoretic separation. Taxon Separation Using Allozymes. Fixed allelic differences were detected among all 13 species using cellulose acetate (Table 3 ) and acrylamide ( beaupertuyi from all other taxa examined. Nonetheless, all species could be distinguished using a combination of two or more enzymes in both cellulose acetate and acrylamide systems. In the case where only two species were compared, a single enzyme selectively chosen for Þxed differences was sufÞcient for species diagnosis (Table 5) .
Allele frequencies for those species for which samples from two locations were available were very homogeneous. Except for differences in Pgm between L. dubitans populations, the frequency of the most common allele showed little variation among locations (Table 6 ). Also, there were no Þxed differences within species from two different locations.
Comparison of Electrophoretic Methods. Cellulose acetate and acrylamide electrophoresis produced similar results, although some allelic differences were found. At four loci (Ak, Fum, Mdh, and Me), alleles recorded by one method were not resolved by the other method. Although some rare alleles were detected by one method and absent from the other, these differences may be attributed to sampling error.
Cellulose acetate showed better resolution than acrylamide for Ak and Fum. Two alleles, Ak 1.45 and Ak 1.35 , recorded in cellulose acetate were not resolved in acrylamide (Fig. 1) , present at high frequency in L. longipalpis A, is also a unique allele for this cryptic species. No differences in resolution were detected in Ark or Hk, except for the presence of rare alleles in only one method. The locus Pgm was not compared due to poor resolution in acrylamide.
Discussion
Eight enzyme loci were sufÞcient to differentiate among all 13 species of Venezuelan sand ßies, and in a Alleles that resolved as two or more alleles using acrylamide.
most cases fewer enzyme loci were required. Although cellulose acetate and acrylamide were both effective, differences in resolution were detected for some enzymatic systems. For example, Ak, Fum, Gpi, Mdh, and Me allele separation detected by one technique was not repeated by the other. Furthermore, Ak, Fum, and Mdh differences in resolution were detected at diagnostic loci; i.e., Þxed differences detected by one system did not exist in the other and therefore could lead to erroneous species separations. Biochemical differences in the two techniques may explain the differences in the resolution and detection a Alleles that resolved as two or more alleles using cellulose acetate.
July 2001 TORGERSON ET AL.: ALLOZYME SEPARATION OF SAND FLIES of diagnostic loci. First, acrylamide separates proteins on the basis of charge and size, whereas cellulose acetate separates primarily on the basis of charge because the coarse pore structure of the latter system has no sieving effect (Richardson et al. 1986 , Manchenko 1994 , Hillis et al. 1996 . Second, changing electrophoretic conditions even for a single support system medium has revealed large variations in resolution (Richardson et al. 1986 ). The systems used in our study differed from each other not only in the support system (acrylamide gel versus cellulose acetate gel), but also in the electrophoretic conditions (i.e., voltage, buffer systems, running time, and staining recipes). Cellulose acetate electrophoresis proved to be a fast and reliable tool for the resolution of two types of problems frequently encountered in studies of phlebotomine sand ßies. First, it allowed for the separation of cryptic species. For example, L. longipalpis cryptic species were detected with acrylamide (Lampo et al. 1999; Arrivillaga et al. 2000a Arrivillaga et al. , 2000b ) and cellulose acetate. Second, it permitted the separation of sympatric species for which one of the two sexes was morphologically similar, as is the case of B. devenanzii and B. beaupertuyi.
Extrapolation of diagnostic loci from one location to another may be problematic. Because little variation was detected in the most common alleles between locations, diagnostic loci in one setting should have a high probability of application in a second, provided that a reference standard is used. Previous studies in L. longipalpis demonstrated this same pattern. Allele frequencies for most loci are very conserved among populations from different geographic areas (Mukhopadhyay et al. 1998 , Mutebi et al. 1999 . In cases where signiÞcant differences have been found among locations, these have been associated with cryptic speciation (Lanzaro et al. 1993 , Lampo et al. 1999 . However, because differences in allele frequencies have been detected between populations for some loci (e.g., Pgm), the use of more than one diagnostic locus is recommended.
The existence of diagnostic loci for the 13 species in the current study demonstrated that allozyme electrophoresis can assist in rapid and accurate identiÞ- Fig. 1 . Enzymatic proÞles showing a difference in the resolution of alleles at the Ak locus using cellulose acetate (A) where two alleles were resolved (1.35 in Lutzomyia panamensis and 1.45 in L. venezuelensis), and using acrylamide (B) where only one allele was detected in these two species (1.08). Aedes aegypti ROCK (Ae) was used as a standard reference in well 6 for cellulose acetate, and in well 5 for acrylamide, staining darker due to an increased concentration of protein. In acrylamide, background staining for Ark is also visible. cations of specimens within this medically important group of insects. Because no two species of all 78 possible combinations showed a similar isoenzymatic pattern, this approach may be effective for the detection of other cryptic species within the Lutzomyia genus, as has already been done for L. longipalpis. Moreover, if a new species not characterized in this study is screened by this method, it is probable that its isoenzymatic proÞle does not match any of the proÞles described here. All 13 species showed Þxed differences in at least one of the enzyme systems studied, most in more than two. The most important application of this method is to provide additional characters for the separation of species within a group particularly difÞcult to diagnose because of small size and morphological similarities.
